The Carcinogenic Potency Database (CPDB) is a systematic and unifying analysis of results of chronic, long-term cancer tests. This paper presents a supplemental plot of the CPDB, including 513 experiments on 157 test compounds published in the general literature in 1993 and 1994 and in Technical Reports of the National Toxicology Program in 1995 and 1996. The plot standardizes the experimental results (whether positive or negative for carcinogenicity), including qualitative data on strain, sex, route of compound administration, target organ, histopathology, and author's opinion and reference to the published paper, as well as quantitative data on carcinogenic potency, statistical significance, tumor incidence, dose-response curve shape, length of experiment, duration of dosing, and dose rate. A numerical description of carcinogenic potency, the TD50, is estimated for each set of tumor incidence data reported. When added to the data published earlier, the CPDB now includes results of 5,620 experiments on 1,372 chemicals that have been reported in 1,250 published papers and 414 National Cancer Institute/National Toxicology Program Technical Reports. The plot presented here includes detailed analyses of 25 chemicals tested in monkeys for up to 32 years by the National Cancer Institute. Half the rodent carcinogens that were tested in monkeys were not carcinogenic, despite usually strong evidence of carcinogenicity in rodents and/or humans. Our analysis of possible explanatory factors indicates that this result is due in part to the fact that the monkey studies lacked power to detect an effect compared to standard rodent bioassays. Factors that contributed to the lack of power are the small number of animals on test; a stop-exposure protocol for model rodent carcinogens; in a few cases, toxic doses that resulted in stoppage of dosing or termination of the experiment; and in a few cases, low doses administered to monkeys or early termination of the experiment even though the doses were not toxic. Among chemicals carcinogenic in both monkeys and rodents, there is some support for target site concordance, but it is primarily restricted to liver tumors. Potency values are highly correlated between rodents and monkeys. The plot in this paper can be used in conjunction with the earlier results published in the CRC Handbook of Carcinogenic Potency and Genotoxicity Databases [Gold LS, Zeiger E, eds. Boca Raton FL:CRC Press, 19971 and with our web site (http.//potency.berkeley.edu), which includes a guide to the plot of the database, a complete description of the numerical index of carcinogenic potency (TD50), and a discussion of the sources of data, the rationale for the inclusion of particular experiments and particular target sites, and the conventions adopted in summarizing the literature. Two summary tables permit easy access to the literature of animal cancer tests by target organ and by chemical. For readers using the CPDB extensively, a combined plot on diskette or other format is available from the first author. It includes all results published earlier and in this paper, ordered alphabetically by chemical. A SAS database is also available. Key words: animal cancer test, carcinogenic potency, database, human carcinogen, monkey neoplasm, TD50. -Environ Health Perspect 1 07(suppl 4):527-600 (1999).
Background
The Carcinogenic Potency Database (CPDB) is a systematic and unifying analysis of the published results of the diverse literature of chronic, long-term animal cancer tests on individual chemicals. The In the CPDB, detailed information and analyses important in the interpretation of bioassays are reported on each experiment (whether positive or negative for carcinogenicity), including qualitative data on strain, sex, target organ, histopathology, and author's opinion, as well as quantitative information on carcinogenic potency, statistical significance, tumor incidence, dose-response curve shape, length of experiment, dose rate, and duration of dosing. Each set of experimental results references the original published paper, and a series of appendices defines the codes in the plot. A numerical description of carcinogenic potency, the TD50 (8) , is estimated for each set of tumor incidence data reported in the CPDB, thus providing a standardized quantitative measure for comparisons. In a simplified way, TD50 may be defined as that dose rate in mg/kg body wt/day which, if administered chronically for the standard life span of the species, will halve the probability of remaining tumorless throughout that period. Stated differently, TD50 is the daily dose that will induce tumors in half of the test animals that would have remained tumor free at zero dose. We estimate TD50 using a onehit model (8) . TD50 is analogous to LD50, and a low value of TD50 indicates a potent carcinogen, whereas a high value indicates a weak one. TD50 is often within the range of doses tested and does not indicate anything about carcinogenic effects at low doses because bioassays are usually conducted at or near the maximum tolerated dose (MTD). The range of TD50 values is at least 10 millionfold for carcinogens in each sex of rat or mouse (1, 9) .
The CPDB is exhaustive in that it includes all published results of experiments that meet a set of inclusion criteria Recently, we presented an overview of those results and included the principal findings in tabular form (9, 11) . We have now updated each of the analyses to include the experimental results presented in this paper. The findings in all cases are similar to the earlier published results, and we therefore refer the reader to the earlier overviews (9,11,12; http://potency.berkeley.edu), which also provide citations to the original papers on each topic. We continue to find that about half of all chemicals tested are carcinogenic in at least one experiment; about half are also positive for several subsets of the data, induding naturally occurring and synthetic chemicals ( Table  1) . We have discussed in several papers the plausible explanations for the high positivity rate, induding various high-dose effects (9,11; http://potency. berkeley.edu).
Comparison of Carcinogenicity in Monkeys and Rodents
This plot includes analyses of 25 NCI carcinogenicity studies in rhesus and cynomolgus monkeys, which lasted up to 32 years. Some of the experimental results were reported in earlier plots of the CPDB (these are marked on the plot with a "j" notecode); however, we have performed new lifetable analyses using the final control data that have recently become available (13) . Results for eight chemicals tested in monkeys by NCI are reported for the first time. Some of the indusion rules and methods of the CPDB have been relaxed for these monkey tests; they are described in Appendix 1.
Comparison of Positivity
As assessment of human cancer risk is usually based on studies in rodents, one ideally wants to know whether rodent carcinogens are human carcinogens; however, human data are rarely available. One major goal of this series of experiments in monkeys was to determine whether rodent carcinogens would also be carcinogenic in nonhuman primates (as monkeys are more closely related to humans than are rodents) and thus provide evidence in support of interspecies extrapolation in carcinogenesis (14) . Conversely, if rodents and monkeys are different with respect to carcinogenicity under laboratory conditions, then this casts doubt on the validity of extrapolations from rodents to humans. The chemicals selected by NCI for use in monkey studies primarily have strong evidence of carcinogenicity in rodents, i.e., many positive rodent experiments with high tumor incidence rates, carcinogenic effects at doses below the MTD, or short latency periods for malignant tumor induction (10, 15, 16) . The strong evidence in rodents for these chemicals suggests that when compared to other rodent carcinogens they would be likely to be carcinogenic in monkeys. Only one of these chemicals, arsenic, is not a rodent carcinogen in standard bioassays; however, it is a human carcinogen (17) . Cancer (IARC) as human carcinogens (aflatoxin, arsenic, azathioprine, cyclophosphamide, melphalan) (17); of these, only aflatoxin and melphalan were evaluated as carcinogenic in these monkey studies. Table 2 indicates that only 1 1 of 25 chemicals were evaluated by NCI as monkey carcinogens under the conditions of these studies; 3 had equivocal results, and 11 were not carcinogenic (13, 18) . The NCI evaluations are based on malignant tumors only. For monkey carcinogens the tumor yields were higher (see plot) and the latency period shorter than for chemicals that were not carcinogenic. For 8 of the 11 monkey carcinogens, the first tumor occurred in animals that died before 5 years on test and for the other 3 carcinogens by 13 years. Nearly all chemicals tested in monkeys are mutagens in Salmonella and about half are not carcinogenic in monkeys. A few chemicals were not mutagenic, and none of them were carcinogenic in monkeys, e.g., DDT, sodium saccharin, sodium cyclamate, sodium arsenate.
Possible explanatory factors for lack of evidence of carcinogenicity in monkeys for these rodent and human carcinogens include a) a true species difference including speciesspecific mechanism of action; b) a small number of monkeys on test, making it difficult to detect an effect; c) an experiment in only cynomolgus or rhesus monkeys but not both (Appendix 1); d) dose levels that may have been too low; e) dose levels that may have been too high (thus producing toxic effects that reduced life span and therefore the power to detect an effect); J) early termination of experiment before natural death; and g) other aspects of experimental design such as route of administration or length of dosing. at NCI is low (13,19) ; thus, if a tumor occurred in even one or two of the small number of dosed animals, the results are difficult to interpret. Compared to rodents, which have a high spontaneous tumor rate, the lifetime spontaneous tumor rate in the NCI monkey colony is low: in rhesus controls, 19/120 (16%) had tumors (seven malignant), and in cynomolgus monkeys, 4/106 (4%) had tumors (three malignant). No type of tumor occurred spontaneously in more than two animals, except uterine leiomyoma, which occurred in 6 rhesus monkeys and 1 cynomolgus monkey.
For the model rodent carcinogens (14) , the testing protocol used a short dosing period (5 years, i.e., one-fourth the standard life span of 20 years) ( Table 2 ). Under these stop-exposure conditions only one chemical (urethane) was carcinogenic, even though the studies were continued for 20-32 years. In contrast, all of the model carcinogens induce tumors in rodent experiments lasting less than 6 months, i.e., less than one-fourth the standard life span of 2 years (15, 16) . Under the conditions of the 5-year dosing protocol, the following model rodent carcinogens were not carcinogenic in monkeys: 2-acetylaminofluorene, 2,7-acetylaminofluorene, N,N-dimethyl-4-aminoazobenzene, 3 '-methyl-4-dimethylaminoazobenzene, 3-methylcholanthrene (18) . Urethane had the weakest evidence of carcinogenicity among the monkey carcinogens: the latency period was longer than those of other monkey carcinogens, and only one tumor of any type was induced, i.e., no site was a target site for more than one animal in a monkey experiment. Thus, the stop-exposure design was less sensitive than the chronic dosing protocol (which also gives a higher total dose and higher average daily dose rate) that is used in standard rodent bioassays and in most of the monkey experiments. A true species difference cannot be ruled out, however, because monkeys were dosed for 5 years of a 20-year life span, i.e., one-fourth and this is the same proportion that produced carcinogenic effects in rodents for these chemicals, i.e., 6 aRatio from CPDB of highest monkey daily lifetime dose rate (mg/kg/day)/highest rodent daily lifetime dose rate (mg/kg/day). bNo positive rodent test. Ratio of the negative monkey dose in CPDB to the highest negative rodent dose is 0.0009 (rats). CMonkeys received a mixture of cycad flour, cycasin, and methylazoxymethanol acetate. There are no rodent tests of this mixture; cycad flour is carcinogenic in rats. dMelphalan was not carcinogenic in rhesus monkeys.
positive monkey experiments for the number of monkeys tested and for the ratio of the monkey dose rate compared to the positive rodent dose rate. For the number of animals we took the total number of monkeys that started on test for both monkey species combined, as the NCI evaluation of carcinogenicity for a chemical did not distinguish between the two species (18) . The median value of the number of monkeys on test for the 24 rodent carcinogens in Table 2 was 19. We found a significant difference between the monkey positives and negatives. All of the chemicals in Table 2 that were NOT CARCINOGENIC in monkeys were below the median number of animals on test, except DDT. Only a few of the CARCINOGENIC chemicals were below the median. The three EQUIVOCAL chemicals were all above the median, thus suggesting that the greater power provided by more animals may be a factor in the evaluation of equivocal compared to not carcinogenic. All of the model rodent carcinogens had the stopexposure protocol, and also had fewer than the median number of monkeys on test, thus providing a protocol with little power.
To assess whether the dose in monkeys (mg/kg/day) was low compared to the positive doses in rodents (mg/kg/day), we used the ratio (Table 2 ) of the average daily dose rate in monkeys to that in rodents, and again found the median for all chemicals regardless of carcinogenicity result in monkeys. For rodents, the dose was taken from a positive experiment with the same route of administration as the monkey experiment, wherever possible. Table 1 reports the ratio of the highest daily average lifetime dose rate in monkeys (mg/kg/day) to the highest in rats or in mice from the CPDB (mg/kg/day). The median for all chemicals was 0.4, indicating that for half the chemicals tested, the monkey dose Environmental Health Perspectives * Vol 107, Supplement 4 * August 1999 was about half the highest dose that induced tumors in rodents. The monkey doses were generally close to the rodent doses, even when they were lower. We repeated this analysis three ways, using the ratio in Table 2 , the ratio using the lowest positive high dose in each rodent species, and the lowest dose at which tumors were significantly increased in each rodent species. These measures give increasing weight to how low a dose in rodents was tumorigenic, and therefore the second and third ones produce higher monkey-to-rodent ratios than the value of the first, which is presented in Table 2 . Regardless of which dose ratio was selected, there was no difference between the chemicals that were carcinogenic in monkeys and those that were not carcinogenic. The overall difference in positivity between monkeys and rodents does not appear to be due to dose level, as the monkey doses (mg/kg/day) were generally not much below the doses that induced tumors in rodents. For the 5 human carcinogens the monkey doses were similar to the human carcinogenic doses even for the 3 chemicals that were not evaluated as carcinogenic in monkeys (arsenic, azathioprine, cyclophosphamide) (20) (21) (22) .
Some aspects of the conduct of these monkey experiments contributed to a lack of sensitivity for some chemicals that were not carcinogenic in monkeys. All but one of the positive chemicals were tested in both rhesus and cynomolgus monkeys, i.e., there were at least five cynomolgus and five rhesus on test. For 6 of the chemicals that were not carcinogenic, however, only one monkey species had five animals on test. Among the 5 human carcinogens, only aflatoxin and melphalan were evaluated as carcinogenic in monkeys; however, for the others (azathioprine, cyclophosphamide and arsenic) the experiments lacked power to detect a carcinogenic effect because they were terminated early (by 16 years) even though the doses were not toxic.
Because the evaluations of carcinogenicity in monkeys were based on malignant tumors only, whereas evaluations in rodents usually consider both malignant and benign tumors, it is possible that if benign tumors had been considered, more monkey studies might have been evaluated as positive. This was not the case, however, as there were few benign tumors in tests of chemicals that were not carcinogenic, and nearly all were tumor types that also occur in control monkeys.
As a second general approach to understanding the discordance between rodents and monkeys, we searched on a case-by-case basis for idiosyncratic factors that may explain why some rodent carcinogens were not carcinogenic in monkeys. In a few cases, dosing was stopped or animals died because of toxicity, and this may be the reason for a negative result. For example, for DDT the dose was neurotoxic to rhesus monkeys and dosing had to be stopped at 10 years. In cynomolgus, however, the dose was not neurotoxic, thus providing a short exposure that may have been less effective than the exposures for most chemicals that were carcinogenic in monkeys.
Of the 4 nitrosamines that were positive in monkeys, all were tested at doses more than 3 times the rat carcinogenic dose (Table 2 ). Both nitrosamines that did not induce tumors in monkeys were tested at less than half the rat carcinogenic dose. For N-nitrosodimethylamine, which did not induce tumors, the administered doses produced toxic hepatitis, and all animals died by 10 years; thus, the animals may not have lived long enough to develop tumors. For N-methyl-N'-nitro-Nnitrosoguanidine (MNNG) a published study indicates that it is carcinogenic in cynomolgus monkeys (23) . In that positive cynomolgus experiment (23) , MNNG induced stomach tumors in just 1 year; MNNG was given by gavage 3 times per month at a 10-fold higher administered dose than the negative 23-year NCI rhesus experiment in which administration was by diet 5 times per week. Thus, a higher administered dose given less frequently by a different route to a different monkey species, induced tumors. One or a combination of these factors likely contributed to the difference in result from the NCI monkey test.
For the two sweeteners, sodium saccharin and sodium cyclamate, doses were selected on the basis of human consumption (14) . The saccharin dose was equivalent to 5 cans of diet soda daily, and the cyclamate dose was equivalent to 30 cans daily (18) . The average daily dose rate of sodium saccharin gave the lowest dose ratio of all chemicals (0.009) ( Table 2) , and sodium cyclamate was also relatively low (0.3). Neither chemical was carcinogenic in monkeys. In rats, induction of bladder tumors from sodium saccharin appears to require a high dose and is related to development of a calcium phosphate-containing precipitate in the urine (24) . At the low dose administered to monkeys, there was no effect on the urine or urothelium, and no evidence of increased urothelial cell proliferation or of formation of solid material in the urine (25) . Thus, one would not expect to find a carcinogenic effect under the conditions of the NCI study in monkeys. Additionally, however, there may be a true species difference, because primate urine has a low concentration of protein and is less concentrated (lower osmolality) than rat urine (25) . Human urine is similar to monkey urine in this respect (24) . Six Table 2) . Three of these drugs were carcinogenic to monkeys (melphalan, N-methyl-N-nitrosourea, procarbazine), and three were evaluated as EQUIVOCAL (adriamycin, azathioprine, cyclophosphamide). Experiments with all three of the EQUIVOCAL drugs were less sensitive than a standard life span study because they were terminated by 16 years (adriamycin because of cardiotoxicity). For azathioprine and cyclophosphamide the doses were not toxic.
We note that most of the chemicals that are carcinogenic in monkeys are naturally occurring chemicals (Table 2) 
Comparison of Target Sites and Potency
Concordance in target sites according to the published author's opinion is reported in Table 3 for 11 chemicals that are positive in monkeys and rodents in the CPDB. This analysis is complicated by two facts: first, the evaluation of carcinogenicity for the monkey studies was based on malignant tumors only (18) , whereas in rodents, evaluations of carcinogenicity often include benign tumors. We have indicated with an asterisk (*) in Table 3 those target sites for which the author's evaluation was based on a tumor increase that included benign tumors. A second complication of this analysis is the fact that there are frequently many positive experiments in rodents for a chemical; repeated testing provides an increased chance of finding a target site in common between monkeys and rodents.
The liver is the most common target site of chemically induced cancer in monkeys and rodents (Table 3) , even among the chemicals that were noncarcinogenic in monkeys. Unlike rodents, monkeys had no spontaneous liver tumors in these lifetime studies (13) . We note that among chemicals that are positive in both monkeys and rodents, there is a target site in common between monkeys and at least one rodent species for all chemicals except melphalan, which was evaluated as carcinogenic in monkeys on the basis of "all malignant tumors" (13) . As expected, the liver is the most frequent site in common between monkeys and each rodent species. Only 3 carcinogens have a target site other than liver in common between rodents and monkeys *When tumors were induced in monkeys and rodents at the same target site, the site is listed first for each species and is italicized. In monkeys, opinions are based on malignant tumors. In rats and mice, asterisk (*) indicates that the author's opinion for a target site included benign tumors. hOnly one monkey in each indicated species had a tumor at the target site. cVascular tumors in the liver. dFor cycasin, results in rats are from a bioassay of cycad flour 115). For procarbazine.HCI, leukemias were induced in bioassays that did not meet inclusion criteria in the Carcinogenic Potency Database ( 15) . N- Nitrosopiperidine and urethane were also tested in hamsters. For Nnitrosopiperidine, target sites in hamsters were similar to those in rats and mice (liver, digestive tract, respiratory system); for urethane, the sites in hamsters were different. (Table 3) : N-nitroso-N-methylurea (gastrointestinal), procarbazine.HCI (leukemia), and urethane (lung and liver hemangiosarcoma). Thus, while there is some support for target site concordance, it is primarily in liver.
The predominance of liver as a target site in laboratory studies in rodents and monkeys is noteworthy because in the United States, human liver cancer is rare. Chronic inflammation of the liver caused by Hepatitis B and C viruses is a common cause of liver cancer in Asia and Africa (26) . The rodent liver may be a common site in carcinogenesis bioassays because the administered doses are high, and the liver is the primary site for detoxification. High doses can frequently cause increased liver cell proliferation by inducing cytotoxicity and regeneration This effect is similar to what is seen in the chronic hepatitis-induced inflammation in humans. High doses can also increase cell proliferation by other means such as peroxisome proliferation, inhibiting apoptosis with an accumulation of cells (especially in foci), inducing apoptosis with consequent regeneration, or by other mechanisms (27) .
Carcinogenic potency values are highly correlated between monkeys and rodents for the chemicals that are carcinogenic to both (r = 0.79 for log TD50). This result is expected, given the similarity in doses that were administered to rodents and monkeys (Table 2 : "Dose ratio") and the fact that potency estimates are constrained to a narrow range about the high dose tested (28, 29) . Given the wide range of administered doses across chemicals, the correlation in potency follows statistically (28) .
Half the 22 rodent carcinogens in the CPDB that have been tested by NCI in monkeys were not carcinogenic in monkeys, according to the published authors. This overall result does not provide strong evidence of the validity of extrapolation of carcinogenicity between species. Our analysis indicates, however, that this result is due at least in part to the fact that the monkey studies lacked power to detect an effect compared to standard rodent bioassays. Factors that contributed to the lack of power are the small number of animals on test, a stop-exposure protocol for model rodent carcinogens, in a few cases toxic doses that resulted in stoppage of dosing or termination of the experiment, and in a few cases low doses administered to monkeys or early termination of the experiment even though the doses were not toxic. Among chemicals carcinogenic in both monkeys and rodents, there is some support for target site concordance, but it is primarily restricted to liver tumors. Potency values are highly correlated as expected.
